Introduction {#s1}
============

Epigenetics, a breakthrough discipline in biomedicine, aims to improve precision medicine by discovering new epigenetic mechanisms and providing new epigenetic biomarkers, therapeutic targets, and epigenetic drugs with potential uses in clinical practice.

Most human diseases have complex multifactorial pathologies that result from a pathogenic polymorphism in human genes, besides epigenetic mechanisms, which can modulate the expression of functional genes. Currently, several IVD molecular-based tests contribute to the development of precision oncology, which already offers viable alternatives for cancer diagnostics and prognostics. The Food and Drug Administration (FDA) lists several IVD tests that have been cleared and approved for diagnostics, which can be consulted by searching *Nucleic Acid-Based Test* ([@B25]) and *List of Cleared or Approved Companion Diagnostic Devices (In Vitro and Imaging Tools)* ([@B26]).

For a given phenotype, there is a causal contribution of genetic mutations, copy number variations, epigenetic control, and altered transcription programs and altered complex metabolic inputs. The contribution of the aforementioned factors renders the use of different approaches necessary to understand the physiopathology of complex and multifactorial diseases. In line with this, epigenetic biomarkers can help early diagnosis, disease progression monitoring, disease outcome prediction, selection and stratification of patients by risk, prediction of future comorbidities, and even the evaluation of the positive or negative effects of therapeutic interventions in specific patient subsets. Among others, DNA methylation and microRNAs are markedly more stable than RNA and proteins, which renders the use of these biomarkers more practical and viable in clinical settings ([@B23]; [@B37]; [@B28]). In particular, DNA methylation, microRNAs, and post-translational modifications of histones offer high stability in biofluids and in samples with a compromised quality, such as formalin-fixed paraffin embedded (FFPE). Other advantages of epigenetic biomarkers over genetic or protein-based biomarkers are as follows: 1) their dynamic nature; 2) they provide information about the gene function; 3) they inform about the specific genetic programs that alter during disease; and 4) most techniques to analyze epigenetic biomarkers (i.e., RT-qPCR) have already been introduced into clinical laboratories. Therefore, epigenetics has a tremendous potential to improve predictive and precision medicine.

Precision Medicine was defined by the National Research Council's Toward Precision Medicine in 2008 as: "The tailoring of medical treatment to the individual characteristics of each patient ... to classify individuals into subpopulations that differ in their susceptibility to a particular disease or their response to a specific treatment. Preventative or therapeutic interventions can then be concentrated on those who will benefit, sparing expense and side effects for those who will not" ([@B31]). Therefore, precision medicine has started to use potential epigenetic biomarkers in clinical settings.

We recently defined an epigenetic biomarker as "any epigenetic mark or altered epigenetic mechanism which generally serves to evaluate health or disease status and is particularly stable and reproducible during sample processing." An ideal biomarker can be measured in body fluids (i.e., plasma, serum, saliva, semen, urine, etc.) or primary tissue samples (fresh tissue, cells, single cell isolated, fine-needle aspirates, FFPE, etc.). However, for clinical settings, minimal invasive procedures are preferable. In line with this, human plasma as a source of miRNAs and circulating cell-free DNA (cfDNA) is, therefore, the best option. An ideal epigenetic biomarker for precision medicine applications may cover at least one of the following properties: i) predicts the risk of future disease development (risk); ii) defines a disease (detection); iii) reveals information about the natural history of the disease; iv) predicts the outcome of disease (prognostic); v) responds to therapy (predictive); vi) monitors responses to therapy or medication (therapy monitoring); vii) allows to simultaneously make a diagnosis and perform targeted therapy (theragnosis) ([@B28]).

To achieve the precision medicine goals, the current challenge is knowing how to obtain a reliable useful biomarker for clinical routine because, for this purpose, the new biomarker requires high accuracy and robustness ([@B58]; [@B17]) and cost-effectiveness. It is noteworthy that less than 1% of the biomarkers obtained in biomedical research is finally implemented into the clinical laboratory ([@B47]), with an even lower percentage for epigenetic biomarkers. This low percentage of commercialized IVD tests based on epigenetic biomarkers suggests that the precision medicine ecosystem formed by distinct stakeholders (i.e., patients, providers, payers, and regulators) may increase their knowledge about the impact of epigenetic biomarkers on precision medicine, and might also work together to successfully implement this breakthrough technology in clinical practice.

A number of precision medicine applications are contributing to health care improvements by allowing the precise diagnosis of diseases or by identifying specific disease subsets or stages, and by also improving personalized treatments. Specifically, for cancer, which remains the second leading cause of death worldwide, early detection, the identification of cancer subtypes, and the selection of appropriate therapies are crucial to increase the survival of cancer patients. However, the identification of new tumor biomarkers, especially those based on epigenetic biomarkers with the capability to identify tumor origin or cancer subsets, advances in assay technologies, and the development of sophisticated analytical software techniques (i.e., machine learning and artificial intelligence), will help to improve precision medicine in cancer ([@B2]).

Technologies for Epigenetic Biomarker Analyses in Clinical Laboratories {#s2}
=======================================================================

Given the prevalence of the DNA methylation alterations at specific genes under a variety of human disease conditions, a promising future is coming for the DNA methylation analysis as an epigenetic biomarker. In fact, DNA methylation is the best-studied epigenetic modification since it was discovered. In addition, miRNAs have attracted a great deal of interest in clinical research for their role in gene regulation, tissue signaling and cellular homeostasis, their high stability in practically all types of biospecimens, and the relatively easy way by which to measure miRNAs in a wide array of biospecimens. Histone variants and histone post-translational modifications are other potential markers that can be analyzed in a wide array of biospecimens for clinical settings.

Therefore, it is not surprising that most current commercial *in vitro* diagnostic tests are based on either the analysis of DNA methylation of specific genes or the measurement of the relative expression of microRNAs, which can be easily measured by RT-qPCR-based methods (i.e., methyLight, methyl-specific PCR, and methylation-sensitive high-resolution melting) and pyrosequencing technologies ([@B27]).

There are other assays based on high-throughput analyses to simultaneously measure several CpG sites. This is, for example, the case of the EPICUP^®^ assay, which is based on using human methylation array Beadchip 450K (Illumina). In the following section, we provide details of a selection of current IVD tests based on epigenetic biomarkers that are currently being commercialized for *in vitro* diagnostic in cancer ([**Table 1**](#T1){ref-type="table"}).

###### 

Commercially available Epigenetic IVD tests with the potential of improving precision medicine in cancer.

  Diseases                    Epigenetic biomarkers                    Commercial tests                         Technology for the analysis                   Biospecimen                            Sn (%)   Sp (%)
  --------------------------- ---------------------------------------- ---------------------------------------- --------------------------------------------- -------------------------------------- -------- --------
  Colorectal cancer           DNA methylation (*NDRG4* and *BMP3*)     *Cologuard* ^®^ *stool-DNA-based test*   Stool-based CRC test                          Stool                                  92.3     86.6
  DNA methylation (*SEPT9*)   *Epi proColon* ^®^ *2.0 test*            MethyLight                               CfDNA from blood                              75-81                                  96-91    
  DNA methylation (*SDC2*)    *EarlyTect* ^®^ CRC *assay*              MethyLight                               CfDNA from blood                              87                                     95.2     
  miR-31-3p                   *miRPreDX-31-3p*                         RT-qPCR                                  FFPE                                          NA                                     NA       
  Breast cancer               DNA methylation (*PITX2*)                *Therascreen PITX2 RGQ PCR kit.*         MethyLight                                    FFPE; DNA from blood                   NA       NA
  Cervical cancer             DNA methylation (*ZNF582*)               *Cervi-M* ^®^ *assay*                    Methyl-specific PCR                           Epithelial cells from cervical brush   73       80
  Glioblastoma                DNA methylation (*MGMT*)                 *Therascreen MGMT Pyro Kit*              Pyrosequencing                                FFPE, DNA from blood                   95-97    NA
  Lung cancer                 DNA methylation (*SHOX2* and *PTGER4*)   *Epi proLung BL Reflex Assay* ^®^        Methyl-specific PCR                           CfDNA from blood                       78       96
  Cancers of unknown origin   Analysis of 450K CpGs                    *EPICUP* ^™^                             Human methylation Beadchip 450 K (Illumina)   FFPE                                   97.7     99.6

cfDNA, circulating cell-free DNA; FFPE, formalin-fixed, paraffin-embedded; Sn, Sensitivity; Sp, specificity; NA, data not available.

*In Vitro* Diagnostic Tests Based on Epigenetic Biomarkers {#s3}
==========================================================

Epigenetic-Based IVD Test for Colorectal Cancer {#s3_1}
-----------------------------------------------

Colorectal cancer (CRC) (MIM 11 4500) is the third most frequent cancer in men and the second most frequent cancer in women worldwide, and accounts for nearly 10% of cancers ([@B24]). CRC is the second leading cause of death by cancer. Five-year survival rates range from more than 90% for stage I to less than 10% for stage IV CRC ([@B95]). CRC is characterized by slow progression from detectable precancerous lesions and has a good prognosis when patients are diagnosed in early stages. Non-invasive fecal immunochemical test (FIT) for hemoglobin detection in stools is the most widely used test, but its sensitivity is relatively low in detecting early stage I CRC (53%) and advanced adenomas (≥ 1.0 cm) (27%) ([@B72]). Therefore, the potential for reducing the burden of CRC by early detection is significant, and efforts are currently being made to develop CRC screening tests and to improve the adherence rates of participation for screening because people scarcely comply with currently available methods ([@B44]). The selection of appropriate therapies for CRC patients is also a clinical need. Among the therapies proposed for CRC, anti-epidermal growth factor receptor (EGFR) mAb therapy is not indicated for carriers of RAS mutations \[approximately 50% of patients with metastatic CRC because the mutations in the *RAS* gene (mainly in exons 2, 3, and 4 of *KRAS* and *NRAS*) make metastatic CRC patients non responders to anti-EGFRs mAB treatment\] ([@B8]). So, the identification of additional biomarkers to allow clinicians to select those patients who could benefit by the established therapies is needed.

### The Cologuard^®^ Stool DNA-Based Test {#s3_1_1}

The first FDA-approved DNA methylation assay for general CRC screening for average-risk adults older than 50 years was Cologuard^®^ (Exact Sciences Corp., Madison, WI). The Cologuard^®^ IVD test is a multitarget stool deoxyribonucleic acid (MT-sDNA) screening test based on the analysis of the methylation levels of genes N-Myc downstream-regulated gene 4 (*NDRG4*) and bone morphogenetic protein 3 (*BMP3*), a mutation in the *KRAS* gene (exon 2, codons 12, 13, using ß-actin as the reference gene), and a non-DNA immunochemical assay for human hemoglobin that allows the precise detection of colon neoplasia ([@B43]). The methylation analysis of *NDRG4* and *BMP3* using *ACTB* (ß-actin) as the reference gene is performed according to the method described by [@B109], while fecal hemoglobin biomarker values are obtained by the analytical method described by [@B60]. Cologuard^®^ uses a composite score algorithm that is incorporated into the multitarget stool DNA analytic device software as described by [@B43].

Cologuard^®^ sensitivity and specificity for CRC detection in a study performed with 9,989 subjects was 92.3% and 86.6%, respectively ([@B43]). Although the Cologuard^®^ test sensitivity was higher than FIT (which measures the presence of blood in the colon in fewer fecal samples) for detecting CRC (92% vs. 74%, p = 0.015), specificity was lower than that shown by the FIT ((87% vs. 95%) ([@B43]). Moreover, the Cologuard^®^ test detected less than half largely advanced adenomas (precancerous lesions), but performs better than the FIT. In fact, the sensitivity for detecting advanced precancerous lesions was 42.4% with DNA testing and 23.8% with the FIT (P \< 0.001). These results reinforce the potential of the Cologuard^®^ test as an alternative for surveillance colonoscopy ([@B101]). However, its high cost and difficult sample pretreatment and management for each analysis type are considered disadvantages for its rapid implementation into clinical routine. Accordingly, the results obtained with the Cologuard^®^ test are delivered to the healthcare provider within 2 weeks from receiving the stool sample.

Despite these disadvantages, both the US Food and Drug Administration and the US Preventive Services Task Force (USPSTF) include the Cologuard^®^ test in their screening exam recommendations ([@B62]).

### The Epi proColon^®^ 2.0 Test {#s3_1_2}

The Epi proColon^®^ test (Epigenomics AG, Berlin, Germany) was designed to minimize invasive tests and to increase the adherence rates of the participation of those people screened for CRC. The Epi proColon^®^ test uses peripheral blood samples to analyze the methylation status of the *SEPT9* gene. Septins are essential proteins during cell division, and *SEPT9* hypermethylation has been proposed as a key factor in CRC ([@B96]). The original assay was designed to extract DNA from 5 ml of plasma samples, bisulfite conversion of DNA, and its purification by a particle-based bis-DNA purification method to improve the recovery of bisulfite-treated DNA, the quantification of converted DNA by real-time PCR, and the subsequent measurement of *SEPT9* methylation, and *ACTB* (ß-actin) as a reference gene, by real-time PCR in a Lightcycler LC480 system (Roche Applied Science) and the Quantitect Multiplex PCR mastermix (Qiagen) ([@B16]). Epi proColon^®^ 2.0 (Epigenomics Inc., Germany) was approved by the FDA in 2016 as the first blood test intended for early CRC detection. In a large clinical trial using 1,544 plasma samples from the PRESEPT study cohort (ClinicalTrials.gov, Trial Registration ID: NCT00855348), Epi proColon^®^ demonstrated high sensitivity, which ranged from 77.0% to 81.4%, and specificity from 77.9% to 92.1% ([@B83]). However, some studies have shown some flaws in the use of Epi proColon^®^ to diagnose CRC, such as its lower sensitivity for stage I than for stages II, III, or IV ([@B45]). A large multicenter prospective study using blood samples from 53 CRC cases and from 1,457 subjects without CRC from the PRESEPT cohort (ClinicalTrials.gov, Trial Registration ID: NCT00855348) showed low sensitivity (48.2%) for detecting CRC and very low sensitivity (11.2%) for identifying advanced adenoma, with 91.5% specificity ([@B11]). One noteworthy result was that the positive detection rate of the *SEPT9* methylation assay increased exponentially as colorectal lesions became more severe and with more advanced CRC stages ([@B97]), although a negative result does not guarantee absence of cancer.

The results obtained by [@B97] and [@B38] suggest that the methylation status of *SEPT9* could be applied to CRC stage, size, invasion depth, future risk assessment, metastasis, disease progression monitoring, and therapeutic effect evaluation. A possible flaw of this test is that Epi proColon^®^ detected the methylated status of the same region of the *SEPT9* gene in some patients affected by other cancers (i.e., prostate, breast, lung or other diseases, hypertension, hyperlipidemia, diverticulitis, chronic gastritis, or cardiovascular) and according to their age ([@B76]). Indeed, the Epi proColon^®^ test was positive in 72 (42%) of 173 patients with other cancers and positive in 33 of 191 patients (17%) with other diseases. In addition, an active clinical trial was run to evaluate the potential of the Epi proColon^®^ test for detecting hepatocellular carcinoma among cirrhotic patients (ClinicalTrials.gov, Trial Registration ID: NCT03311152). These scenarios suggest the potential of this test to diagnose other cancers, such as breast cancer, as demonstrated by [@B92], but also the inconvenience of the positive results given for cancer patients who were negative for CRC.

It is worth mentioning that colonoscopy remains the universal gold standard method for CRC diagnostics. In Europe and Asia Pacific, only the use of fecal occult blood test (gFOBT) or quantitative FIT for non-invasive screening is still recommended. However, Chinese guidelines have recently recommended using the test as a complement to other diagnostic approaches, like the guaiac-based gFOBT. In the United States, Epi proColon^®^ is not intended to replace the CRC screening tests recommended by clinical guidelines (i.e., colonoscopy, sigmoidoscopy, and gFOBT), but the Epi proColon^®^ test was FDA-approved for CRC screening those patients unwilling or unable to be screened by recommended methods following guidelines.

### The EarlyTect^®^ Colorectal Cancer Assay {#s3_1_3}

The EarlyTect^®^ CRC test (Genomictree Inc. Daejeon, South Korea) has recently received CE-IVD certification for the diagnosis of CRC. The EarlyTect^™^-GI Syndecan2 Methylation Assay is an IVD assay that uses cfDNA isolated from 0.5 ml of serum to analyze the methylation status of *SDC2* (Syndecan-2).

Previous studies have demonstrated the potential of the analysis of the methylation status of the *SDC2* gene for the early diagnosis of CRC. For example, the studies performed by [@B70] showed lower sensitivity (59%), but relatively good specificity (84%), of methylation-specific PCR assays (probe-based MethyLight assays) for *SDC2* in the early detection of CRC. At this point, it is worth mentioning that the amplicon selected to study the methylation status of this gene slightly differed (420 bp downstream to the CpG proposed by [@B74]).

More recent studies performed by [@B74] which evaluated the methylation analysis of *SDC2* to detect CRC using isolated DNA from stool samples, demonstrated a good sensitivity of 90.0% for detecting CRC and 33.3% for small polyps, with a specificity of 90.9%. Furthermore, these authors demonstrated that the *SDC2* methylation level was linked to cancer severity in CRC patients in stages I to IV (n = 50). Similarly, [@B73] evaluated the methylation levels of the *SDC2* gene in 497 stool samples and found sensitivities of 81.1% and 58.2% for detecting CRC (n = 196) and adenoma (≥1 cm) (n = 122), respectively, with 93.3% specificity. These results were comparable to that observed by [@B78], who found that the *SDC2* gene methylation analysis performed with methyl-specific PCR in bowel lavage fluid collected during colonoscopy could detect CRC and precancerous lesions. In this study, *SDC2* methylation was positive in 100% of villous adenoma, high-grade dysplasia, and hyperplastic polyp biopsies in 88.9% of tubular adenoma samples and in 0% of normal mucosal samples. These findings indicate the potential of *SDC2* methylation as a biomarker for early CRC detection with a sensitivity of 80% and a specificity of 88.9%.

The clinical validation of *SDC2* methylation in serum DNA from the CRC patients (n = 131) in stages I to IV (stage I, 26; II, 57; III, 36; IV, 12) and from healthy individuals (n = 125) by quantitative methylation-specific PCR using the methylation-specific TaqMan probe demonstrated 87% sensitivity \[114/141; 95% confidence interval (CI), 80.0% to 92.3%\] and 95.2% specificity (10/125; 95%CI, 89.8% to 98.2%) ([@B75]). The sensitivity of the patients in stage I was particularly high with 92%, which suggests the potential utility of this test for early CRC detection and identification of precancerous lesions, such as polyps.

A recent observational clinical trial conducted with the EarlyTect^®^ CRC test (ClinicalTrials.gov, Trial Registration ID: NCT03146520) was designed to validate the clinical performance of the *EarlyTect* ^®^ *Colon Cancer test* in stool DNA to detect CRC in a case-control study with 634 participants ([@B14]). Of the 585 evaluated subjects, 245 had CRC, 44 had various sized adenomatous polyps, and 245 obtained negative colonoscopy results. The EarlyTect^®^ CRC test gave an overall sensitivity of 90.2% with area under the curve (AUC) of 0.902 in detecting CRC (0--IV) not associated with tumor stage, and a specificity of 90.2%. The sensitivity for detecting early stages (0-II) was 89.1% (114/128). The EarlyTect^®^ CRC test also detected 66.7% (2/3) and 24.4% (10/41) of advanced and non-advanced adenomas, respectively ([@B14]).

Genomictree Inc. has performed experiments to evaluate the cross-reactivity of the EarlyTect^®^ CRC test in an interim clinical validation with stool DNA from 50 CRC patients (stage I, 10; II, 16; III, 14; IV, 10), 14 irritable bowel syndrome (no colonoscopy was performed), 4 with acute colitis, 11 Crohn's disease (colonoscopy was performed), 14 ulcerative enteritis (colonoscopy was performed), and 50 healthy subjects (endoscopy was not performed). In this study, the sensitivity was 90.0% (45/50) and specificity was 90.9% (5/55). The methylation positivity for *SDC2* was observed in 14.3% (2/14) of the irritable bowel syndrome patients, 25.0% (1/4) of the acute colitis patients, and 35.7% (5/14) of the ulcerative colitis patients, while no Crohn's disease case was positive for the EarlyTect^®^ assay. Notably, sensitivity was 84.6% (22/26) in CRC in stages I and II, which suggests the potential applicability of this test for colorectal detection testing using stool DNA.

### miRPreDX-31-3p {#s3_1_4}

The miRpredX-31-3p kit (IntegraGen S.A., France) is a CE-IVD marked theranostic test intended to identify patients with metastatic CRC who can benefit from anti-EGFR (epidermal growth factor receptor) therapy. The miRpredX-31-3p kit quantifies relative miR-31-3p levels by RT-qPCR from the total RNA extracted from FFPE samples in primary tumors of patients with metastatic CRC, using a cutoff value of 1.36 for the miR-31-3p expression level to define patients as being low or high expressers of this miRNA ([@B88]).

miRpredX-31-3p predicts the potential clinical benefits associated with first-line anti-EGFR (epidermal growth factor receptor) therapy compared with anti-vascular endothelial growth factor receptor (VEGF) therapy or when second or further lines of treatment with anti-EGFR mAB therapy is more beneficial *versus* chemotherapy alone for multiple patient outcomes ([@B56]). Specifically, on one hand, a low miR-31-3p expression in affected tissue is associated with a 12-month survival advantage and a 40% reduced risk of death when using anti-EGFR (cetuximab) therapy *versus* anti-VEGF (bevacizumab) therapy in patients with metastatic CRC. On the other hand, those patients expressing high miR-31-3p levels displayed no differences in outcomes when treated with either anti-EGFR or anti-VEGF therapy ([@B56]; [@B54]). Furthermore, the miR-31-3p expression was evaluated for its potential as a predictive biomarker for anti-EGFR mAb therapy in the patients without mutations in *KRAS* with operable colorectal liver metastases ([@B84]).

In an interventional clinical trial in 1,808 subjects (ClinicalTrials.gov, Trial Registration ID: NCT03362684), the predictive potential of the miR-31-3p expression level was studied for the prognostic of patient outcomes, as was the predictive value of the benefit of anti-EGFR therapy (cetuximab) in stage III CRC patients (the patients enrolled in the PETACC-8 Study) ([@B98]). The results obtained from this clinical trial demonstrated that patients with the RAS/BRAF wild type who showed low miR-31-3p expression when tumors were treated with cetuximab plus FOLFOX-4 presented improved disease-free survival, overall survival, and survival after recurrence compared with the patients treated with FOLFOX-4 alone.

More recently with logistic regression models, including the miR-31-3p expression level adjusted for potential confounding factors, Laurent-Puig et al. (2019) validate the use of miR-31-3p to differentiate RAS wt metastatic CRC patient outcomes from patients treated with anti-EGFR mAb or anti-VEGF mAb therapy. Those patients with low miR-31-3p levels showed better outcomes when treated with cetuximab compared with bevacizumab.

The miRpredX-31-3p kit was developed on the basis of a standardized RT-qPCR assay for miRNA detection. Several extraction kits (miRNeasy FFPE kit (Qiagen), AllPrep DNA/RNA FFPE Kit (Qiagen), QIAsymphony RNA kit (Qiagen), and Maxwell 16 LEV RNA FFPE kit (Promega)) have been tested to evaluate the efficiency of miRNA extraction from five formalin-fixed, paraffin-embedded (FFPE) 5-mm-thick slides. In addition, the analytical sensitivity and specificity, assay robustness, reproducibility, and accuracy of miR-31-3p detection were also demonstrated in different quantitative PCR systems like ABI 7900HT^®^, ABI StepOne+^®^, and ABI QS5^®^ (Applied Biosystems) and LightCycler^®^ 480 (Roche) ([@B88]). These results demonstrated the good versatility of the miRpredX-31-3p assay and its feasibility for being easily implemented into clinical diagnostic laboratories. The time to perform the assay was not as long after total RNA was isolated from FFPE tumor samples because the assay is based on a simple RT-qPCR reaction (reverse transcription and subsequent real-time PCR). Hence the miRpredX-31-3p assay can analyze up to 12 samples and provide the results in 1 day (see version 8 of the mirpredx instructions manual).

### The Nu.Q^™^ Colorectal Cancer Screening Triage Test {#s3_1_5}

NuQ^®^ tests (Volition SA; Namur, Belgium) are intended for diagnosing CRC by analyzing different nucleosome characteristics, including the DNA methylation of DNA bound to nucleosomes, post-translational modifications in histones and histone variants, and the detection of cell-free nucleosomes, although the company is developing a new test based on these biomarkers. NuQ^®^ tests are based on Enzyme-linked immunosorbent assay (ELISA) technology and require only one drop of blood from patients (a 10-μl sample).

The most advanced test is the Nu.Q^™^ Colorectal Cancer Screening Triage Test, which consists in combining different NuQ^®^ previously CE-IVD marked tests. One of them is the NuQ^®^X test, which detects the 5-methylcytosine levels present in DNA bound to cell-free circulating nucleosomes.

In a validation study performed by [@B39], serum samples were used in two independent cohorts of subjects: i) 90 subjects, including CRC patients (n = 24), benign colorectal diseases (BCD) (n = 10), and healthy controls (n = 56); ii) 113 subjects, including CRC patients (n = 49), BCD (n = 26), and healthy controls (n = 38). [@B39] used the Nu.Q^®^X test to evaluate its differential diagnostic performance. Their study showed that the circulating methylated DNA levels significantly lowered in CRC and BCD compared with the healthy controls (p \< 0.05), although no difference was found between BCD and CRC. The AUC on the receiver operating characteristic curve was 0.78, and sensitivity was 33% at 95% specificity for CRC and BCD compared to HC, with a sensitivity of 75% at 70% specificity for CRC compared to HC.

To improve both the sensitivity and specificity of the assays, two new tests were designed: the Nu.Q^®^T test and the NuQ^®^V test. Both obtained the CE-IVD mark. The Nu.Q^®^T test was designed for the diagnostic of CRC by detecting total free circulating nucleosomes (cell-free nucleosome). Nu.Q^®^V focused on detecting CRC by analyzing histone variants. Finally, they were included in a NuQ^®^ test based on the same nucleosomics ELISA technology ([@B39]).

[@B87] used the Nu.Q^®^ assay to evaluate the levels of 12 epitopes \[including nucleosome-associated histone modifications: H4K20me3 (mAb), H4PanAc (mAb), pH2AX (mAb), H3K9Me3 (pAb), H2AK119Ub (mAb), H3K9Ac (mAb), and H3K27Ac (mAb); nucleosome-associated DNA modification: 5mC (mAb); nucleosome containing histone variants: H2AZ (mAb); nucleosome-protein adducts: HMGB1 (mAb) and EZH2 (mAb); and finally a conserved nucleosome epitope as reference of total nucleosome content\] in the sera of 58 individuals referred for endoscopic CRC detection \[patients with CRC (n = 23), patients with pre-cancerous lesions (polyps) (n = 16), and healthy controls (n = 19)\]. The multivariate analysis defined a panel of four age-adjusted cf-nucleosomes that provided an AUC of 0.97 for the CRC discrimination of healthy controls with high sensitivity in initial stages (sensitivity of 75% and 86% and specificity of 90% for stages I and II, respectively). The second combination of four cf-nucleosome biomarkers provided an AUC of 0.72 for the identification of patients with pre-cancerous lesions (polyps) (n = 16) in healthy subjects ([@B87]).

The Nu.Q^™^ Colorectal Cancer Screening Triage Test, which is based on the previous described Nu.Q^®^ tests, was evaluated in blinded serum samples from 1,961 FIT-positive individuals. In a set of samples "training set" (n = 1,907), the Nu.Q^™^ Colorectal Cancer Screening Triage test had the potential to identify a subset of 477 subjects in which colonoscopy was applied and could be avoided. Moreover, the test detected 96.6% of CRCs and 88.5% of high-risk adenomas. The results were corroborated in the "validation set" of samples (n = 1,961), which gave a sensitivity of 91.2% for CRC and 83.0% for high-risk adenoma. Ii was noteworthy that the sensitivity for "screen relevant neoplasia" (considering patients with CRC and high-risk adenomas) was about 86% compared with the 80% obtained with positive FIT and a cutoff value of 200 ng/ml. The results of this large cohort evaluation were promising as the Nu.Q^™^ Colorectal Cancer Screening Test can reduce unnecessary colonoscopies by 20%, while maintaining sensitivity for CRC close to 90% ([@B68]).

The Volition Company announced that the new Nu.Q^™^ assay would have the potential to detect 81% of CRCs with a specificity of 78% in a cohort of 4,800 CRC patients. Furthermore, the new Nu.Q^™^ assay detected up to 67% of high-risk adenomas with a specificity of 80% in a cohort of 530 symptomatic patients and initial stage I cancers with a sensitivity of 74% and a specificity of 90% in a pilot study of 58 asymptomatic patients. However, we were unable to find any published results or any registered clinical trial results of this study apart from the company's published interim results.

The Volition Company is developing new-generation Nu.Q assays for other intended uses, such as pancreatic cancer. In fact the Nu.Q assay was also evaluated for the diagnostic of pancreatic cancer. By using a combination of carbohydrate antigen 19-9 (CA 19-9) levels with a panel of four cf-nucleosome markers, [@B6] obtained an AUC of 0.98 with an overall sensitivity of 92% at a 90% specificity to detect pancreatic cancer in serum samples from a cohort of 59 subjects \[including patients with resectable pancreatic cancer (n = 25), patients with benign pancreatic disease (n 0), and healthy individuals (n = 24)\].

An Epigenetic-Based IVD Test for Breast Cancer {#s3_2}
----------------------------------------------

Breast cancer (MIM 114480) is the most commonly diagnosed cancer in women ([@B99]) and the leading cause of death from cancer in women worldwide ([@B100]). It is noteworthy that breast cancer can also affect men and, consequently, around 2,670 new cases of invasive breast cancer are expected to be diagnosed in men in 2019. About 20% of breast cancers worldwide are due to environmental or lifestyle risk factors, such as alcohol abuse, excess body weight and fat, and a sedentary lifestyle ([@B15]). In addition, screening with the mammography technique has demonstrated its ability to detect breast cancer in early stages, which reduces the mortality risk and increases treatment success ([@B53]). As a result, new methods that contribute to early diagnosis, the identification of specific subtypes, and the selection of patients who can benefit from specific therapies will increase patient survival for this cancer.

Breast cancer mortality rates are higher than those for any other cancer and account for 25% of cancer cases and 15% of cancer-related deaths ([@B24]). Breast cancer mortality also depends on the cancer subtype. Breast cancer presents several classifications depending on different aspects. It can be classified according to their histological origin, cell differentiation degree, stage, the presence or absence of certain hormone receptors \[i.e., hormonal receptors, like estrogen receptor (ER), and progesterone receptor (PR); and the ERBB2 receptor\], and molecular subtype (i.e., luminal A, luminal B, HER2, basal-like subtype, normal-like subtype, and Claudin-low subtype).

Tumors classified as triple-negative breast cancer (TNBC) and HER2-positive breast cancer are classified as high-risk cancer with a poor prognosis ([@B35]). Enhancing breast cancer survival and outcome by early detection remains one of the main breast cancer priorities according to the World Health Organization (WHO). Therefore, several efforts are being made by the research community to provide not only new drugs and therapies to treat breast cancer, but to also identify new biomarkers to help implement precision medicine into the clinical management of breast cancer patients ([@B66]). Breast cancer treatment depends partially on the disease state and the breast cancer subtype. Generally speaking, the commonest treatments are targeted therapy, hormonal therapy, radiation therapy, surgery, and chemotherapy, although immunotherapy is being increasingly utilized. Fortunately, the therapeutic options for breast cancer patients are further improved thanks to the use of biomarkers and the implementation of precision medicine ([@B69]), in which epigenetic biomarkers can further improve the battery of *in vitro* assays to manage breast cancer.

### The Therascreen PITX2 RGQ PCR Kit {#s3_2_1}

The *Therascreen PITX2 RGQ PCR kit* (Qiagen, Germany) is a methylation-based CE-IVD marked assay that predicts the response of lymph node-positive, ER-positive, and HER2-negative high-risk breast cancer patients. The test differentiates between the patients more likely to respond to anthracyclines chemotherapy ([@B4]), and it obtained the CE-IVD mark in 2018.

The methylation analysis of *PITX2* (a promoter of transcription factor 2 of the pituitary homeobox) demonstrates a high correlation with other diagnostic techniques, has the predictive and prognostic capability for patient identification, and supports clinicians by being the most effective therapy option. *PITX2* methylation has attracted the attention of clinicians for not only breast cancer ([@B106]; [@B4]), but also for other tumor types. Continuous scientific evidence indicates the potential of the *PITX2* methylation analysis to predict breast cancer outcomes in lymph node-positive, ER-positive, and HER2-negative breast cancer patients to adjuvant anthracycline-based chemotherapy. Therefore, these clinical observations reinforce the idea of using *PITX2* methylation status to support clinicians as the most effective therapy option ([@B36]; [@B1]).

[@B36] showed that the *PITX2* DNA methylation improved the prediction by using only clinical factors like tumor stage, grade, or age in a cohort of \>200 patients. *PITX2* plays an essential role in the disease pathogenesis. In fact, tumors with a hypermethylated *PITX2* status correlate with poorer survival (overall survival and reduced metastasis-free survival), and also with resistance to treatment. In addition, *PITX2* methylation has been associated with the response to adjuvant chemotherapy ([@B1]; [@B93]).

[@B1] explored the validity of this new predictive candidate biomarker in a retrospective exploratory study. To do so, these authors determined the *PITX2* DNA methylation status in non-metastatic TNBC patients treated with adjuvant chemotherapy with anthracycline by a molecular analysis of breast cancer tissues. Univariate and multivariate analyses demonstrated the statistically independent predictive value of *PITX2* DNA methylation. The authors concluded that for those patients with non-metastatic TNBC, the selective determination of the *PITX2* DNA methylation status can serve as a cancer biomarker to predict responses to anthracycline-based adjuvant chemotherapy ([@B1]).

[@B90] performed a clinical study to analyze the performance of the *PITX2* DNA methylation assay compared to microarray technology. These authors concluded that the performance of the *Therascreen PITX2 RGQ PCR* assay showed high reliability and robustness to predict the outcome of patients with high-risk breast cancer to anthracycline-based chemotherapy. In this study, three CpGs from the *PITX2* promoter 2 gene (*PITX2P2*; 4q25) contained in the methylation array ([@B67]) were selected, and the appropriate Taqman probes were designed to cover these three CpGs in the Therascreen PITX2 RGQ assay ([@B90]).

The *Therascreen PITX2 RGQ PCR assay*, developed by [@B82] in conjunction with the Therawis Diagnostics Company, analyzes the methylation status of the *PITX2* gene obtained from the DNA of FFPE biospecimens. *PITX2* methylation is assessed by methylation-specific real-time PCR and exploits the quantitative PCR (qPCR) oligonucleotide hydrolysis principle of two TaqMan probes labeled with different fluorescent dies (FAM^™^ for fully methylated and HEX^™^ for fully unmethylated DNA) in combination with methylation nonspecific primers to measure the methylation status of the target sequences of PITX2 gene promoter 2 in bisulfite-treated DNA. The *Therascreen PITX2 RGQ PCR kit* (Qiagen, Catalog no. 873211) has been currently CE-IVD marked and is commercially available ([@B4]; [@B90]). It runs in the real-time Rotor-Gene Q MDx thermal cycler (Qiagen) or a Rotor-Gene Q MDx 5plex HRM instrument (Qiagen). The percentage of the methylation ratio (PMR  =  100/(1 + 2exp(CtFAM(methylated) − CtHEX(unmethylated))\]) is calculated by the Rotor-Gene AssayManager^®^ software with a Gamma Plug-in plus a kit-specific *PITX2* Assay Profile for automated analyses and quality control, including all the validity criteria. Detailed information about the method is described by [@B90] and [@B67]. The *Therascreeen PITX2 RGQ PCR assay* can be easily adopted in clinical laboratories that already run other Therascreen assays commercialized by Qiagen. The complete workflow is streamlined throughput for a medium sample with highly reliable and robust readouts and can be performed in a time of 2 working days ([@B82]).

The Epigenetic-Based IVD Test for Cervical Cancer {#s3_3}
-------------------------------------------------

Cervical cancer (MIM 603956) is the fourth most frequent cancer in women, with an estimation of 570,000 new cases in 2018, which represents 6.6% of all female cancers. Cervical cancer is the fourth commonest cause of death from cancer in women ([@B103]), which is approximately 8% of the total deaths from cancer. Furthermore, as cervical cancer has no shown symptoms in its early stages, early identification of cervical precancerous lesions is of critical importance ([@B33]).

More than 90% of cases are due to infection with human papillomavirus (HPV) ([@B49]; [@B13]), and despite people having had HPV infections and them not developing cervical cancer ([@B21]), organized vaccination and screening programs are essential to lower the cervical cancer incidence ([@B103]).

Thus, cytology-based screening is widespread and has proven to effectively lower cervical cancer incidence rates in many countries ([@B3]). However, the relatively low sensitivity of a single Pap smear and the higher false-negative results, and sometimes the requirement of multiple Pap tests, make cytology-based screening costs prohibitive for the early identification of precancerous lesions. Therefore, preventive programs focus on HPV testing as a primary screening tool for the early detection of the causative agent of cervical cancer ([@B20]). In fact, primary high-risk HPV (hrHPV) screening has recently become an accepted stand-alone or co-test with conventional cytology in preventive cervical cancer programs.

[@B10] found that several genes, such as *PAX1*, *ZNF582*, and *SOX1*, were hypermethylated in cervical cancer compared to normal cervical tissue. [@B91] evaluated the performance of analyzing the HPV genotype and measuring DNA methylation at promoters *ADCY8*, *CDH8*, and *ZNF582* correlated with the cytological grade, therefore demonstrating their potential to be useful biomarkers for the molecular classification of Pap smears. With their systematic literature review, [@B105] attempted to identify promising methylation-based biomarkers for the early detection of cervical cancer. These authors found that the elevated methylation of *DAPK1*, *CADM1*, and *RARB* in cervical cancer was consistently observed in several studies and thus became interesting candidates to be validated in large cohorts during standardized clinical trials ([@B105]). However, no consensus has been reached about which promoter or gene methylation should be analyzed, and whether these will develop into molecule tests with sufficient predictive values or be useful for the early detection of precancerous lesions. One epigenetic test, based on the analysis of the methylation of genes *ZNF582* and *PAX1*, is being commercialized.

### The Cervi-M^®^ and Oral-M^®^ DNA assays {#s3_3_1}

The Cervi-M^®^ and Oral-M^®^ DNA assays (by Epigene, iStat Biomedical Co.; Taiwan) obtained CE-IVD approval for the diagnostic of cervical and oral cancers. iStat Biomedical Co. commercializes the Cervi-M^®^, *ZNF582* DNA, and the Oral-M^®^ assay, which are based on the methylation analysis of *genes ZNF582* and *PAX1*. These genes are highly methylated in cervical and oral cancers, as described by [@B61] and [@B10]. Gene *ZNF582* codifies for zinc finger protein 582, which plays a key role in transcriptional regulation. *ZNF582* methylation status has been demonstrated as a good biomarker for cervical cancer induced by HPV, with a sensitivity of 73% and a specificity of 80% ([@B61]). Furthermore, *ZNF582* methylation status shows high sensitivity for the detection of grade-3 cervical intraepithelial neoplasia or in a higher stage (CIN3+) ([@B63]), and demonstrates its utility to improve diagnostic accuracy more than single HPV DNA testing ([@B59]). In addition, the *PAX1* DNA methylation assay allows the detection of cervical cancers graded as CIN3+, as described by [@B50] and [@B51]. This assay generates clinical sensitivity and specificity above 80% when used with the DNA purified from Pap smears (data provided by the company).

The ZNF582/PAX1 assay consists of the bisulfite treatment of DNA obtained from human epithelial cells collected by cervical brush. Then 20 to 80 ng of bisulfite-converted DNA is analyzed by methyl-specific quantitative PCR in a LightCycler^®^ 480 Instrument (Roche) or an Applied Biosystems^®^ 7500 fast system following the protocol described by the manufacturer (see the instructions in the manual). As the analysis depends on the kit used for the bisulfite treatment of DNA, which can last up to 1 day, the complete workflow to perform the Cervi-M^®^ and Oral-M^®^ DNA assays takes about 2 working days.

It is interesting to note that although the Cervi-M^®^ assay has been tested only in the DNA obtained from epithelial cells collected by cervical brush, as the female reproductive tract and regular uterine endometria shedding into the vagina may exfoliate cells, [@B5] proposed using vaginal tampons as a source of DNA to detect endometrial cancer by an assay of methylated DNA markers.

The Epigenetic-Based IVD Test for Glioblastoma {#s3_4}
----------------------------------------------

Glioblastoma (GBM, MIM 137800) is the most common primary malignant brain tumor in adults with an unfavorable prognosis and limited treatment options despite innovative diagnostic strategies and new therapies having been developed ([@B64]). GBM constitutes approximately 45% to 50% of all primary malignant brain tumors and is diagnosed more frequently in patients aged between 55 and 85 years, with a mean age of 64 years in the United States ([@B65]). Evidence in recent years has demonstrated that tumors are made of multiple populations of cancerous cells by harboring specific genetic alterations in addition to the classic founder genetic abnormalities and epigenetic alterations that drive intratumor heterogeneity with multiple different cell subpopulations ([@B29]; [@B64]).

*EGFR* amplification, *IDH1/2* mutations, and *MGMT* promoter methylation have been proposed as prognostic biomarkers for their molecular and clinical significance. *MGMT* promoter methylation is one of the most relevant prognostic markers and can be used to also predict the therapeutic response to one of the therapeutic strategies for GBM based on the use of alkylating agents like carmustine (BCNU, Gliadel^®^) and temozolomide (Temodar^®^). This is because *MGMT*, an O6-methylguanine-DNA-methyltransferase, is a DNA-repairing gene whose silencing may increase the susceptibility of cells to temozolomide concurrently with radiation therapy ([@B107]). Furthermore, increased methylation of the *MGMT* promoter measured by pyrosequencing has been related to increased GBM patient survival ([@B108]).

### The PyroMark Therascreen MGMT Kit and the PyroMark Q96 CpG MGMT Kit {#s3_4_1}

The *MGMT* methylated status is a strong predictor of the response to temozolomide in patients with GBM during therapy with alkylating agents. Therefore, the DNA methylation of this gene has been postulated as a biomarker to classify gliomas and to guide treatment decision-making ([@B34]).

[@B86] found that pyrosequencing led to the highest reproducibility and sensitivity in *MGMT* methylation status analyses, as was also confirmed by [@B41] after testing four different techniques (e.g., immunohistochemistry, MSP, qMSP, and pyrosequencing) to analyze the *MGMT* methylation status. Different commercialized kits are available for the pyrosequencing methodology, such as the PyroMark Q96 CpG MGMT kit (cat. number 972032; Qiagen), which uses the PyroMark Q96 MD system (Qiagen), and the test Therascreen MGMT PyroKit (cat. number 972032; Qiagen), which uses the pyrosequencing PyroMark Q24 system (Qiagen) with specific sequencing primers. The PyroMark Q96 CpG MGMT kit detects five CpG sites located in exon 1 (CpG 74--78), whereas the CE-IVD commercialized kit, the PyroMark Therascreen MGMT kit, detects four CpG sites in the same location (CpG 76--79) of the human *MGMT* gene in DNA samples obtained from blood or FFPE biospecimens. Briefly, the assay consists of using bisulfite converted genomic DNA (with the EpiTect Bisulfite kit, cat. number 59104; Qiagen) for subsequent PCR amplification to sequencing it by pyrosequencing using the kits and systems described above to analyze the methylation status of exon 1 of the *MGMT* gene. The sequences surrounding the defined positions serve as normalization and reference peaks for the quantification and quality assessment of the analysis (see the manufacturer's instructions). The time it takes to obtain results relies on the bisulfite treatment of DNA, which needs 6 to 8 h to complete the workflow of the *MGMT*methylation status analysis and lasts about 2 working days.

After performing the PCR using primers by targeting the defined region of exon 1, amplicons are immobilized on Streptavidin Sepharose High Performance beads. Then single-stranded DNA is prepared, and the sequencing primers are annealed to DNA. Samples are then analyzed in the PyroMark Q24 system.

Both kits (PyroMark Q24 CpG MGMT and Therascreen MGMT PyroKit) have demonstrated their capability to stratify patients with GBM according to its prognostic after measuring *MGMT* promoter methylation ([@B46]). [@B85] evaluated the ability of the Therascreen MGMT kit in 102 glioblastoma patients and found that using a binary classification of methylated/unmethylated *MGMT* gene with cutoffs of 8% and 12%, 95% and 97% of GBM patients were well classified. [@B85] also found an excellent prognostic capability of the assay and indicated median overall survival of 15.9 and 34.9 months, respectively, for unmethylated and methylated patients. Moreover, the use of the *MGMT* methylated status as a predictor of meningioma has been recently tested by Panagopoulos et al., but these authors concluded that the methylation frequency of the *MGMT* promoter in meningioma is very low (6%) and, therefore, suggested that *Therascreen MGMT PyroKit* is not suitable for meningiomas.

As *MGMT* is methylated to 25% to 50% in numerous cancers, including brain, colon, lung, breast, gastric, and ovarian cancer ([@B30]), it involves the risk of offering positive results for cancer patients who were found negative for GBM.

The Epigenetic-Based IVD Test for Lung Cancer {#s3_5}
---------------------------------------------

Lung cancer (MIM 211980) is the leading cause of death from cancer worldwide ([@B94]), and 8 or 9 of 10 lung cancer cases occur in smokers. Thus, smoking is the biggest risk factor of this disease. The 5-year survival rate after diagnosis is 15.6%, which is lower than the survival rates for breast, colon, and prostate cancers. The WHO classifies lung cancer into two broad histological subtypes. The first one is non--small-cell lung cancer (NSCLC), which causes about 85% of cases, including lung squamous carcinoma (LUSC), lung adenocarcinoma (LUAD), and large cell carcinoma subtypes. The second subtype is small-cell lung cancer (SCLC), which accounts for the remaining 15% ([@B12]).

The treatment that includes surgical, medical, and radiotherapeutic interventions did not much improve the long-term survival rate of those patients diagnosed with primary lung neoplasms. Moreover, classic cisplatin-based chemotherapy for NSCLC, which can be combined with anti-angiogenic bevacizumab, gives low to moderate satisfactory results. The use of specific tyrosine kinase inhibitors (TKi) in *EGFR*-mutated, ALK/ROS1-rearranged NLSC, and the development of new immunotherapy strategies based on anti-PD1/PD-L1 mAb are currently improving the clinical outcomes of lung cancer patients ([@B22]). Yet despite new therapies having been designed and applied, tumor resistance to treatments mean that about 154,050 people died from lung cancer in 2018 only in the United States (<https://www.cancer.org/>). To increase survival rates in lung cancer, early diagnosis is a priority. However, one of the most widely used techniques is the computed tomography (CT) of the thorax and bronchoscopy. CT gives rise to false positives in lung-cancer free patients, delays lung cancer diagnosis, and also exposes these subjects unnecessarily to radiation. Bronchoscopy fails in about half those diagnosed with lung cancer. Therefore, a diagnostic test based on the biological material obtained from non-invasive or minimally invasive samples with high specificity may cut the need for more costly invasive diagnostic procedures.

The current hypothesis to explain lung carcinogenesis considers that tumor development occurs in a multistage stepwise manner that contributes to the accumulation of genetic and epigenetic alterations ([@B52]). Therefore, epigenetic signatures based on dysregulated DNA methylation differentially express miRNA, and altered post-translational modified histones can reflect the driving force of lung carcinogenesis. Accordingly, given the pivotal role of epigenetic disruption during this process, the epigenomic marks detected in tissue or body fluids represent a feasible biomarker to identify disease in its early stages, establish a prognostic, and monitor treatment response ([@B7]). In a recent relevant work, [@B22] describe several epigenetic mechanisms that underlie the acquisition of the cancerous phenotype and the aggressive behavior of lung cancer. They also propose circulating epigenetic biomarkers and the therapeutic potential of epigenetic drugs to implement precision medicine in lung cancer.

### The Epi proLung BL Reflex Assay® {#s3_5_1}

*SHOX2*, or short stature homeobox gene two, methylation has been identified as a biomarker capable of reliably differentiating between lung tumor tissue and normal tissues ([@B57]; [@B89]).

*SHOX2* methylation, as determined from bronchial aspirates, has demonstrated good sensitivity and a high specificity as a biomarker for lung cancer ([@B19]). *Epigenomics AG* commercializes the Epi proLung BL Reflex Assay^®^ (Epigenomics AG, Berlin, Germany), a CE-IVD test for quantifying *SHOX2* methylation using methyl-specific PCR with AUC \[95% confidence intervals\] = 0.94 \[0.91--0.98\], sensitivity 78% \[69--86%\], and specificity 96% \[90--99%\] in bronchial lavage specimens ([@B19]), albeit with lower sensitivity (about 40%) in malignant pleural effusions (Ilse et al).

The Epi proLung BL Reflex Assay^®^ is composed of three individual kits: The Epi proLung BL DNA Preparation Kit to prepare bisulfite converted DNA by ammonium bisulfite chemistry, the Epi proLung BL real-time PCR Kit for the quantitative and sensitive analyses of the relative amount of methylated *SHOX2* gene, and the Epi proLung BL Work Flow Control Kit for monitoring and controlling the whole workflow. A detailed explanation of the different steps performed in the *SHOX2* gene methylation analysis using the Epi proLung BL Reflex assay^®^ is described by [@B18]. Like other methylation-based assays, the time to obtain the results relies on the bisulfite treatment of DNA, which requires about 8 h. Therefore, 2 working days are needed to complete the workflow of the Epi proLung BL Reflex Assay^®^.

In 2011, *SHOX2* methylation was assessed in circulating cell-free DNA obtained from blood plasma and showed a sensitivity of 60% and a specificity of 90% for lung cancer diagnosis in a case-control study with 343 subjects ([@B48]). Since then, Epigenomics AG has been working on demonstrating the test's utility. In 2017, the Epi proLung^®^ blood-based version for the lung cancer test received the CE-IVD mark, which is based on a combination of the methylation analyses of *SHOX2* and *PTGER4* (the prostaglandin E receptor 4 gene). In fact, [@B104] demonstrated significant discriminatory performance for distinguishing patients with lung cancer from subjects with no malignancy (AUC \[95% confidence intervals\] = 0.88, sensitivity 90%, and specificity 73%) in circulating DNA from plasma samples by the methylation analysis of genes *SHOX2* and *PTGER4*.

The current commercial Epi proLung^®^ assay consists of the Epi proLung PCR Kit (M6-02-002) and the Epi proLung Control Kit (M6-02-003), and has been validated with bisulfited-treated DNA prepared with the Epigenomics Epi BiSKit (M7-01-001) from cell free-circulating DNA present and isolated from 3.5 ml of plasma. The methylation of the *ACTB* gene (ß-actin) is measured as an internal control to assess input adequacy. It also provides positive and negative controls for each run by starting with DNA extraction from plasma. Two methylated *SHOX2*- and *PTGER4*-specific fluorescent detection probes are used in this MethyLight-based assay to exclusively identify the methylated target sequences amplified during the PCR reaction. The assay, with an area under the ROC curve (AUC = 0.82), displays the observed likelihood of being diagnosed with lung cancer according to the EPLT score (ranging from threshold −0.43 to −1.85), together with the corresponding sensitivity (59% to 85%, respectively) and specificity (95% to 50%, respectively), which depends on a given specific threshold (see the Epi proLung^®^ instruction manual for more details)

Epigenomics has performed experiments to evaluate the cross-reactivity of the Epi proLung^®^ assay. Both BLAST alignment searches and PCR analyses against the human genome with the Epi proLung PCR assay (blockers, primers, and probes) have been performed. This analysis showed that the test is specific and only gives the amplification of the bisulfite-treated DNA sequence of methylated *SHOX2* and *PTGER4*, respectively, and not the other regions in the human genome. Epi proLung^®^ was also checked to evaluate the methylated status of *SHOX2* and *PTGER4* in the patients affected by other lung-associated diseases. Fifty-seven (57) samples from patients with non-malignant lung diseases \[Chronic obstructive pulmonary disease (COPD), pneumonia, lung emphysema, interstitial lung disease\] were evaluated to determine cross-reactivity. The Epi proLung^®^ test discriminated malignant disease from non-malignant disease with an AUC of 0.73.

The Epigenetic-Based IVD Test for Cancers of Unknown Origin {#s3_6}
-----------------------------------------------------------

Cancer of an unknown primary site (CUP) is a heterogeneous group of cancers for which the anatomical site of origin remains hidden after detailed clinical and histological investigations ([@B9]; [@B102]). CUP is clinically characterized as an aggressive disease with early dissemination ([@B81]) that contributes to their presentation ([@B102]). CUP accounts for 3% to 5% of all cancer diagnoses and is the third commonest cause of death from cancer because, unfortunately, most patients (80--85%) do not respond appropriately to treatment ([@B79]; [@B80]). Therefore, patient survival is very limited.

Tumors in CUP share biologic and molecular properties, but tumors in CUP are currently indicated to maintain the signature of the putative primary origin. The general characteristics of CUP are: 1) short natural history with symptoms and signs associated with metastatic sites; 2) early rapid dissemination in the absence of a primary tumor (three organs or more are involved upon diagnosis in one third of patients); 3) aggressive clinical progression; and 4) sometimes an unpredictable metastatic pattern that differs from those of known primary tumors ([@B79]; [@B80]).

The heterogeneous CUP presentations mean that immunohistochemical testing, the characterization of tissue-of-origin molecular profiling, and the assignation of appropriate therapies present a challenge ([@B102]). Classifying CUP patients into several clinicopathological subsets is necessary for oncologists to manage these patients and to decide about appropriate therapies. This classification is done according to socio-demographic criteria, such as age and gender, histopathology patterns, clinico-pathological data, laboratory tests, and image data (MRI, PET, CT scanning, mammography, etc.), and also to the affected organ or site. Despite several immunohistochemistry panels having been developed to diagnose CUP, the primary cancer site remains unknown in about 75% of patients ([@B102]). Therefore, the need to find new diagnostic tools to discover the tissue of origin is substantial.

### EPICUP^™^ {#s3_6_1}

EPICUP^™^ (Ferrer, Spain) is a CE-IVD test used to biologically define the tissue of origin in CUP. EPICUP^™^ was the first epigenetic test designed to identify tumors of unknown primary and claims that it can identify up to 87% of cases of cancer of unknown origin ([@B71]). The EPICUP^™^ test is based on the analysis of 485,577 CpG sites measured by the human methylation matrix Infinium HumanMethylation450 Beadchip microarray (Illumina), and the test was designed to look for similarities in the methylation patterns of cancers of unknown primary and known primary tumors. Based on the results, the EPICUP^™^ test is able to perform an epigenetic identification and subsequent categorization of the primary site in CUP cancers from FFPE or frozen tissue samples ([@B71]). This is not a suitable assay for all clinical laboratories because the EPICUP^™^ test is based on Illumina methylation BeadChip. Therefore, the mean time to provide results takes about 2 weeks if it is to consider DNA purification from tissue, the bisulfite treatment of purified DNA, array hybridization, and, finally, bioinformatic data analyses and their interpretations.

EPICUP^™^ classifies the tumor type based on the study of DNA methylation profiles using the Infinium HumanMethylation450 Beadchip microarray DNA methylation signature. It offers a specificity of 99.6%, a sensitivity of 97.7%, a positive predictive value of 88.6%, and a negative predictive value of 99.9% in a validation set of 7,691 tumors. Thus, with the samples of 216 CUP patients (FFPE tissue), the DNA methylation profile was able to predict a cancer of primary origin in 188 patients (87%) ([@B71]).

EPICUP^™^ demonstrates its ability to provide the correct treatment to CUP patients. In fact, the patients who received tumor-specific therapy diagnosed with EPICUP showed better overall survival than those who received empirical therapy \[hazard ratio (HR) 3.24, p = 0.0051 (95% CI, 1.42--7.38); log-rank p = 0.0029\] ([@B71]). Likewise, EPICUP in a study of DNA methylation profiles was proven a cost-effective test in breast, pancreas, colon, lung (NSCLC), and prostate cancers and increased the overall survival adjusted for quality ([@B32]).

Conclusions {#s4}
===========

Modern medicine moves toward more personalized practice and theragnosis, and epigenetic biomarkers can further contribute to all of this. This review describes the most advanced and commercially available tests based on epigenetic biomarkers that help to improve precision medicine. In some cancers, such as CRC, several options are available, based on stool DNA (i.e., Cologuard^®^ and EarlyTect^®^), liquid biopsy (Epi ProColon^®^, EarlyTect^®^ and NuQ^™^), and FFPE (miRPredX-31-3p). Other tests, such as the Therascreen MGMT Pyro kit for glioblastoma, can be used in the DNA obtained from blood and FFPE tissues. Obviously, for clinical settings and to avoid invasive procedures, tests based on a liquid biopsy are preferable.

Methodologically speaking, to implement these new epigenetic tests into clinical routine, most of these tests have adopted easy-to-use inexpensive analytical methods, like those based on RT-qPCR and microarrays for both DNA methylation and miRNA analyses. There is still a long way ahead before these epigenetic tests can be completely implemented into clinical routine. The companies developing epigenetic tests should focus their efforts on simplifying the technology used to analyze epigenetic biomarkers in a clinical laboratory environment by, for example, using qPCR-based technology, which is easy to use and cost-effective. Moreover, companies have to make efforts to identify biomarkers in non-invasive biospecimens, which will contribute to anticipate cancer diagnosis and to also increase patient compliance with screening campaigns.

We are witnessing a revolution by adapting machine learning procedures to epigenetic biomarkers analyses that will contribute to definitely implement new epigenetic biomarkers into clinical routine. In fact, advanced computational techniques have taken us closer to realize the application of epigenetics to personalized medicine ([@B40]). One important scenario is that the cost of specific treatments and the appropriate use of targeted therapies guided by epigenetic biomarkers are expected to streamline the immense cost required to receive personalized therapies.
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